Background/Aims: Interleukin (IL)-1β plays an essential role in the pathophysiology of osteoarthritis (OA). Cytokine response modifier A (CrmA) can prevent the generation of active IL-1β. This study aimed to explore the chondroprotective effects of hyaluronic acid-chitosan nanoparticles containing plasmid DNA encoding CrmA (HA/CS-CrmA) in a rat OA model. Methods: HA/CS-CrmA nanoparticles were synthesized through the complex coacervation of cationic polymers. The characteristics, toxicity, and transfection of the nanoparticles were investigated. Furthermore, the potential effects of HA/CS-CrmA nanoparticles were evaluated via a rat anterior cruciate ligament transection (ACLT) model of OA. Cartilage damage and synovial inflammation were assessed by safranin O/fast green and hematoxylin and eosin staining. Type II collagen in cartilage was measured by immunohistochemistry, and the expression levels of IL-1β, matrix metalloproteinase (MMP)-3, and MMP-13 in synovial tissue were detected by western blot. Results: The HA/CS-CrmA nanoparticles, which effectively entrapped plasmid DNA, showed an adequate size (100-300 nm) and a regular spherical shape. The nanoparticles safely transfected synoviocytes and released plasmid DNA in a sustained manner over 3 weeks. Additionally, HA/CS-CrmA nanoparticles significantly inhibited cartilage damage, synovial inflammation, and the loss of type II collagen induced by ACLT. The expression levels of IL-1β, MMP-3, and MMP-13 in synovial tissue were dramatically down-regulated by HA/CS-CrmA nanoparticles. Conclusions: These results suggested that HA/CS-CrmA nanoparticles could attenuate cartilage destruction and protect against early OA by inhibiting synovial inflammation via inhibition of IL-1β generation.
Introduction
Osteoarthritis (OA), the most prevalent disease of articular joints, is a leading cause of chronic pain and disability worldwide in elderly population [1] . OA is a complex pathophysiological process in which inflammation plays an important role [2, 3] . Specifically, synovial inflammation contributes to the pathogenesis and progression of OA at an early stage of the disease [4] . Inflamed synoviocytes secrete pro-inflammatory and catabolic factors, such as interleukin (IL)-1β, IL-6, tumor necrosis factor α, and matrix metalloproteinases (MMPs), which promote cartilage inflammation, apoptosis and degradation [2, 5, 6] . Among those mediators, IL-1β is considered a key target because it induces the production of MMPs and the degradation of type II collagen, and is involved in the transmission of pain [7] [8] [9] [10] . Therefore, it has been proposed that inhibition of the IL-1β pathway in the synovium could prevent the degradation of joint cartilage during the pathogenesis of OA.
Cytokine response modifier A (CrmA), a cowpox virus-encoded serpin-like protease inhibitor, can tightly bind to IL-1β converting enzyme (caspase-1) and consequently inhibit the generation of IL-1β [11, 12] . Thus, CrmA might exert potential therapeutic effects on OA. Our previous study revealed that the controlled release of CrmA from chitosan (CS) microspheres could suppress chondrocyte inflammation and apoptosis induced by IL-1β in vitro [13] . However, the effects of CrmA on OA-related synovitis and cartilage damage in vivo remain unknown. Meanwhile, the relatively rapid clearance and short biological half-life of the protein limit the application of CrmA-loaded CS microspheres. Thus, a new strategy should be developed to prolong the effectiveness of CrmA.
Gene therapy, which targets specific pathological mechanisms of OA and continuously produces targeted therapeutic proteins, is a promising treatment for OA [14] . A key issue of gene therapy is the selection of an effective and appropriate gene delivery vector. Compared with most commonly used viral vectors, non-viral gene delivery systems are considered safer alternatives because they are more stable in storage and can be administered repeatedly with less host immune response [15] . CS, a natural polysaccharide with a structure similar to glycosaminoglycans (GAGs), has emerged as a widely used non-viral gene delivery vector due to its non-toxicity, good biocompatibility, biodegradability, and high stability [16, 17] . Hyaluronic acid (HA) is another biocompatible anionic biopolymer used in a wide array of clinical applications [18, 19] . As a natural GAG of the synovial fluid and extracellular matrix of articular cartilage, HA contributes to the elasticity and viscosity of synovial fluid and plays an important role in cell adhesion, morphogenesis, and the regulation of inflammation [18] . Moreover, HA can bind cluster determinant 44 (CD44) [20] , which is highly expressed in chondrocytes and synoviocytes in OA [21] [22] [23] . A previous study demonstrated that HA-CS nanoparticles could be effective non-viral vectors suitable for the delivery of genes to chondrocytes [24] .
Accordingly, we designed a non-viral vector composed of HA-CS to deliver the target CrmA gene and evaluated the characteristics, toxicity, and transfection of the synthesized nanoparticles in vitro. We subsequently assessed the therapeutic effects in a rat OA model constructed by anterior cruciate ligament transection (ACLT) in vivo. absorption ratio was measured at λ = 260 nm and 280 nm to evaluate the concentration and purity of the plasmid. The same plasmid vector without the CrmA sequence was used an empty plasmid control. HA/CS nanoparticles loaded with pDNA-CrmA (HA/CS-CrmA) were prepared according to the method described previously [25, 26] . Briefly, 2 g CS (molecular weight: 150 kDa, deacetylation: 98%, Sigma-Aldrich, St. Louis, USA) was dissolved in 100 mL of acetic acid (pH 5.5) with vigorous stirring at -20 °C for 3 h; the 1% HA (molecular weight: 500-730 kDa, Sigma-Aldrich) solution was acquired using the same method. The HA and CS solutions at a volume ratio of 1:2 were mixed under magnetic stirring. The required volume of pDNACrmA was gently pipetted into the HA/CS solution with a theoretical loading of 10% (w/w). The resulting mixture was rapidly vortexed for 3-5 s and left for 1 h at room temperature to allow the complexes to form completely. Nanoparticle samples were centrifuged at 10, 000 rpm for 30 min at 4 °C, and maintained for 24 h at -80 °C, followed by vacuum lyophilization. Lyophilized nanoparticle samples were stored at 4 °C until the experiment. The HA/CS nanoparticles without pDNA-CrmA were used as an empty nanoparticle control.
Nanoparticle Characterization
Morphology of the Nanoparticles. The morphology of the HA/CS-CrmA nanoparticles was measured by scanning electron microscope (SEM; JSM-6330; JEOL, Tokyo, Japan). The HA/CS-CrmA nanoparticle solution was dropped on a clean glass slide and dried at 37 °C overnight. The slide was then coated with gold and observed by SEM.
Gel-Retarding Analysis. The degree of protection afforded by HA/CS on pDNA-CrmA was evaluated by agarose gel electrophoresis assays. The HA/CS-CrmA and naked pDNA-CrmA samples were loaded onto a 1% agarose gel containing ethidium bromide in Tris-borate EDTA buffer (pH 8.0) and run on the gel at 120 V for 30 min. HA/CS-CrmA and naked pDNA-CrmA solutions both containing 1 μg pDNA were added to 5 U DNase I (Sigma-Aldrich) and maintained in a water bath at 37 °C for 1 h. Meanwhile, chitosanase (0.7 U/mg of nanoparticles, Sigma-Aldrich) were added to another HA/CS-CrmA solution and kept in a water bath at 37 °C for 4 h. Then, 1% agarose gel electrophoresis was repeated, as described above.
In vitro pDNA Release Study. The quantity of pDNA-CrmA release from the HA/CS-CrmA nanoparticles was measured by dissolving HA/CS-CrmA nanoparticles in phosphate-buffered saline (pH 7.4) at 37 °C in a shaker bath at 135 rpm. At appropriate time intervals (1, 4, 7, 10, 13, 16, 19 , and 22 days), samples were centrifuged to collect the supernatants for analysis. The amount of pDNA-CrmA released into the supernatant was determined by spectrophotometer (DU640; Beckman, Fullerton, CA, USA) at 260 nm. The supernatant of HA/CS nanoparticles without pDNA-CrmA was used as control to normalize the absorption at 260 nm.
Cell Studies
Isolation and Culture of Synoviocytes. Synovial tissues were obtained under sterile conditions from the knee joints of 6-8 weeks old Sprague-Dawley rats (Experimental and Animal Center of Wuhan University, Wuhan, China). Before isolating the synovial tissues, the rats were euthanized with an overdose of intraperitoneal injection of sodium pentobarbital (Sigma-Aldrich) [27] . Synovial tissues were cut into small pieces (< 1 m 3 ) and digested with 0.2% collagenase I (Gibco, Carlsbad, CA, USA) for 3 h. After washing twice with DMEM, the isolated synoviocytes were cultured in monolayers in culture medium composed of DMEM/ F12 (Gibco) supplemented with 10% fetal bovine serum and 1% antibiotics at 37 °C with 5% CO 2 .
Cell Toxicity Study. The cytotoxicity of HA/CS-CrmA nanoparticles was measured using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) colorimetric assay. Synoviocytes were seeded at a density of 5 × 10 4 cells per well into 96-well plates 24 h before the experiment. Increasing doses of HA/CS-CrmA nanoparticles (from 0 μg/mL to 60 μg/mL) were incubated with the synoviocytes for 5 h, respectively. The HA/CS-CrmA nanoparticles were then discarded and the cells were removed and placed in fresh media. MTT solution (0.5 mg/mL) was added to the synoviocytes before incubation at 37 °C with 5% CO 2 for 4 h. The medium was removed, and the formazan crystals formed in each well were dissolved in 100 μL dimethyl sulfoxide. Absorbance values were measured at 570 nm using a microplate reader (model 680; Bio-Rad, Hercules, CA, USA).
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Cellular Physiology and Biochemistry In vitro Transfection Experiment. Synoviocytes were seeded at a density of 1 × 10 4 cells per well into 24-well plates and grown for 24 h prior to transfection. Cells were washed, and the culture medium was replaced by Hanks' balanced salt solution (pH 6.4). HA/CS-CrmA nanoparticles (40 μg/mL) were added to the cells. After 4 h, the medium was replaced with fresh culture medium. Five days post-transfection, the cells were harvested and the expression of CrmA was measured by western blot to confirm the validity of the transfection, as described previously [28] .
Animal Studies ACLT Model of OA. Male Sprague-Dawley rats (n = 48, 6-8 weeks old) were supplied by the animal experiment center of Wuhan University, China, and randomly divided into the following four groups (n = 12/group): (1) sham operated control + saline (Control); (2) ACLT + saline (ACLT); (3) ACLT + HA/CS nanoparticles (ACLT-HA/CS); (4) ACLT + HA/CS-CrmA nanoparticles (ACLT-HA/CS-CrmA). Rats were anesthetized via intraperitoneal injection of sodium pentobarbital (45 mg/kg), and their skin was prepped with a topical antiseptic. The skin laterally to the right knee joint was incised to expose the joint capsules. The joint capsules were opened, and the anterior cruciate ligament was transected using a surgical scalpel. Surgery was performed on the right knee joints. Rats in the Control group were subjected to surgical manipulation without ACLT. Intra-articular injections of HA/CS nanoparticles (40 μg/mL, 100 μL), HA/CSCrmA nanoparticles (40 μg/mL, 100 μL) or equal amounts of saline were performed 4 weeks after ACLT, with each animal receiving one injection every 4 weeks. All animals were euthanized at 12 weeks after ACLT surgery.
Histological Analysis. Samples were cut from the femur 5 mm from the weight-bearing area of the articular cartilage of ACLT joints and embedded in paraffin. Six sections were stained with Safranin O/Fast Green to assess cartilage GAG content. Another six sections were stained with hematoxylin and eosin to observe inflammation in the synovial tissues. The Osteoarthritis Research Society International (OARSI) cartilage grading system was used to quantify cartilage degradation and synovial membrane inflammation [29] .
Immunohistochemistry. The expression of type II collagen in cartilage was measured by immunohistochemistry. Briefly, paraffin sections were incubated with the anti-type II collagen (Abcam, Cambridge, MA, USA) at 4 °C overnight. Sections were incubated with a biotinylated secondary antibody and streptavidin-peroxidase conjugate (Invitrogen, Carlsbad, CA, USA), followed by standardized development in 3'3-diaminobenzidine. Sections were visualized using a Nikon E800 microscope (Nikon, Melville, NY, USA). To quantify the optical density, 6 fields at ×200 magnifications were randomly selected from six sections in each group and analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA).
Western Blotting. Proteins were extracted from the synovial tissues collected from the ACLT joints of the animals. After the concentrations of the proteins were determined, equal amounts of protein were electrophoresed on sodium dodecyl sulfate-polyacrylamide gel and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat dry milk in Tis-buffer saline-0.05% Tween (pH 7.4) and incubated with anti-IL-1β, -MMP-3, and -MMP-13 antibodies (Abcam) at 4 °C overnight. The membrane was washed and incubated with horseradish peroxidase-conjugated secondary antibody (Boster Biological Technology, Wuhan, China) at 37 °C for 2 h. The protein bands were visualized by an enhanced chemiluminescence system, and glyceraldehydes-3-phosphate dehydrogenase (GAPDH, Boster) was used as an internal control to correct variation among the different samples.
Statistical Analysis
All continuous data were expressed as the mean ± SD and analyzed using SPSS 19.0 (IBM Corp, Chicago, IL, USA). The OARSI scores of cartilage degradation and synovial membrane inflammation were analyzed by Kruskal-Wallis one-way analysis of variance (ANOVA). Other data were analyzed by one-way ANOVA followed by the Bonferroni's correction for post-hoc multiple comparisons. All graphics were created using the GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA, USA). A P value < 0.05 was considered statistically significant.
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Results

Characterization of HA/CS-CrmA Nanoparticles
As shown in Fig. 1A , images of HA/CS-CrmA nanoparticles photographed by SEM displayed an even distribution of particles, most of which had regular spherical shapes and diameters of 100-300 nm.
The degree of protection afforded by HA/CS on pDNA-CrmA was evaluated by agarose gel electrophoresis assays (Fig. 1B) . Lane 2 showed that pDNA-CrmA was completely retained within the gel-loading well, which demonstrated the whole combination of pDNA-CrmA with HA/CS nanoparticles. After adding DNase I, the fluorescence signal from lane 5 containing naked pDNA-CrmA disappeared completely, whereas that of lane 4 containing HA/CS-CrmA nanoparticles remained. These results indicated that HA/CS-CrmA entrapped pDNA-CrmA. However, after treatment by chitosanase, the degradation of CS contributed to release of entrapped pDNA-CrmA from the nanoparticles and migrated into the gel (lane 6).
The release profile of pDNA-CrmA from the HA/CS-CrmA nanoparticles is shown in Fig.  1C . On the first day, the release of pDNA-CrmA occurred as a small burst of about 10-20%. On the remaining days, the release of pDNA-CrmA occurred at a constant slow rate and reached more than 70% (71.7 ± 3.1%) on day 22.
Cytotoxicity and Transfection of HA/CS-CrmA Nanoparticles
The cytotoxicity of the HA/CS-CrmA nanoparticles was measured by MTT assay (Fig. 2A) . As the nanoparticles concentration increased to 60 μg/mL, the HA/CS-CrmA nanoparticles exhibited a significant increase in cellular toxicity (P < 0.05), indicating that HA/CS-CrmA nanoparticles are safe carriers to joint tissue/synoviocytes with a safety range of 0-40 μg/ mL.
HA/CS-CrmA nanoparticles were co-cultured with synoviocytes to evaluate the cellular uptake of the HA/CS-CrmA nanoparticles. As shown in Fig. 2B , effective gene transfection was validated by western blot, which showed the expression of CrmA.
Effect of HA/CS-CrmA Nanoparticles on Cartilage Damage Induced by OA
To confirm the therapeutic effects of HA/CS-CrmA nanoparticles on OA, a rat ACLT modal of OA was established. Cartilage damage was assessed by Safranin O/Fast Green staining, and the expression of type II collagen in cartilage was determined by immunohistochemistry. As shown in Fig. 3A , losses of the superficial layer, cellularity and fibrosis were observed in the ALCT group but not in the Control group at 12 weeks after ACLT. Intra-articular injection of both HA/CS-CrmA nanoparticles and HA/CS nanoparticles attenuated cartilage lesion formation retained more of the superficial layer and led to less fibrosis and more cellularity. However, the cartilage in the ACLT-HA/CS-CrmA group had strong GAG staining and a more intact surface than that of the ACLT-HA/CS group. This result was further confirmed by the OARSI cartilage degradation scores (Fig. 3C) . Compared with the Control group, the OARSI score of the ACLT group dramatically increased (P < 0.05). Intra-articular injection of either Immunohistochemistry revealed that the mean optical density of type II collagen in cartilage was significantly decreased in the ALCT group when compared with the Control group (P < 0.05). Intra-articular injection of HA/CS nanoparticles or HA/CS-CrmA nanoparticles both significantly suppressed the decrease of the mean optical density of type II collagen in cartilage induced by ACLT. However, the effect of the HA/CS-CrmA nanoparticles was stronger than that of the HA/CS nanoparticles (P < 0.05, Fig. 3D ).
Effect of HA/CS-CrmA Nanoparticles on Synovial Inflammation Induced by OA
At 12 weeks after ACLT, synovial inflammation was measured by hematoxylin and eosin staining and the expression levels of IL-1β, MMP-3, and MMP-13 in synovial tissue were detected by western blot. As shown in Fig. 4A , the Control group showed normal synovial tissue, whereas infiltration of inflammatory cells and increased numbers of synovial lining cell layers were observed in the ACLT group. Treatment with either HA/CS-CrmA or HA/ CS nanoparticles displayed less inflammatory cell infiltration and decreased numbers of synovial lining cell layers, but the effect of HA/CS-CrmA nanoparticles seemed stronger than that of the HA/CS nanoparticles. Similar results were confirmed by the OARSI scores of synovial membrane inflammation (Fig. 4B) . The OARSI score of the ACLT group dramatically increased compared with the Control group (P < 0.05). Intra-articular injection of either HA/CS nanoparticles or HA/CS-CrmA nanoparticles decreased the OARSI scores. However, a significant difference was found only in the ACLT-HA/CS-CrmA group.
The results of western blot showed that the expression levels of IL-1β, MMP-3 and MMP-13 in synovial tissue were significantly increased in the ACLT group when compared with the Control group (P < 0.05). Intra-articular injection of HA/CS nanoparticles or HA/CS-CrmA nanoparticles dramatically inhibited the increased expression of IL-1β, MMP-3, and MMP-13 
induced by ACLT (P < 0.05). However, the inhibitory effect of HA/CS-CrmA nanoparticles was much stronger than that of HA/CS nanoparticles (P < 0.05, Fig. 4 C) .
Discussion
We constructed a non-viral gene delivery system composed of HA-CS with plasmid DNA encoding CrmA and intended to evaluate its potential effects on OA. The results showed that delivery of pDNA from the HA/CS-CrmA nanoparticles was steady and maintained for more than 22 days in vitro. HA/CS-CrmA nanoparticles were also proved to be safe gene carriers for synoviocyte transfection. Moreover, using a rat ACLT model of OA, we found that HA/CSCrmA nanoparticles significantly attenuated cartilage damage and the loss of type II collagen in cartilage. Meanwhile, intra-articular injection of HA/CS-CrmA nanoparticles markedly inhibited synovial inflammation and the expression levels of IL-1β, MMP-3, and MMP-13 in the synovium.
In the treatment of OA, the target protein can be delivered via the following techniques: (1) directly inject the target protein into joint, (2) delivery of protein of interest by a separate device, such as microspheres or microcapsules, (3) entrap the protein or load transfected cells on porous scaffolds for sustained release of the target protein, or (4) deliver plasmid DNA encoding the protein of interest to the joint by viral or non-viral vectors or gene-activated matrices [30] [31] [32] . Among these options, a non-viral gene delivery system with encapsulated pDNA encoding the target protein seems to have more advantages over the others. In this system, pDNA has a more stable, flexible chemical properties than protein in vivo and can be used for sustained release [33] . Moreover, it is easy to control the local expression and reduces the need for repeated intra-articular injections [33] . Additionally, non-viral vectors possess superior properties such as high level of safety, low immunogenicity and convenient application [34] . In the present study, we used non-viral vectors-CS-HA-as biomaterials to fabricate nanoparticles to entrap the therapeutic pDNA-CrmA. The gel electrophoresis results of our study indicated that pDNA-CrmA was successfully entrapped in HA/CS-CrmA nanoparticles. In addition, the pDNA-CrmA release profile of nanoparticles showed that HA/ CS-CrmA nanoparticles were well-controlled systems capable of releasing pDNA-CrmA for a lengthy period of more than 22 days, which was much longer than CS/HA microspheres containing protein CrmA that had a release time of over 10 days [25] .
CS, a natural copolymer of D-glucosamine and N-acetylglucosamine, has been widely used in various applications, such as drugs [35] , DNA delivery [36] , and tissue engineering [37] . Zhang et al. showed that nanoparticles prepared with CS and p-DNA could transfect chondrocytes both in vitro and in vivo [14] . However, the relatively low transfection levels have limited their application as ideal gene transfection vectors. It has been reported that the transfection efficiency of CS could be improved by combining CS with cationic or anionic biopolymers, such as polyethylenimine [38] or arginine [15] . Lu et al. reported that HA, a biocompatible anionic biopolymer, also improved the transfection efficiency of CS with pDNA in chondrocytes [24] . HA binds to CD 44, which is highly expressed on the cell surfaces of inflamed chondrocytes and synoviocytes and may increase nanoparticle uptake in the osteoarthritic disease state [20, 24] . In the present study, our data demonstrated that CS/ HA-CrmA nanoparticles could safely transfect synoviocytes. Similar results were shown in the previous study, which found that HA/CS/pDNA nanoparticles encoding transforming growth factor-β1 effectively transfected chondrocytes [24] . IL-1β plays an important role in inducing synovial inflammation, which is involved in the early stages of OA pathogenesis [4, 39] . Elevated levels of IL-1β are observed in the serum and synovial fluids of patients with OA [40] . IL-1β in synovial fluid is associated with an increased risk of chondral damage in knee OA induced by chronic anterior cruciate ligament deficiency [41] . Moreover, IL-1β can activate the synthesis and release of MMPs, such as MMP-3 and MMP-13, which lead to matrix breakdown [42] . It has been reported that the inhibition of IL-1β by an IL-1 receptor antagonist could protect cartilage degeneration as shown in a mouse model of OA [43] . These studies indicate that IL-1β contributes to the pathogenesis and progression of OA, and thus the inhibition of IL-1β in synovial tissue is a promising way to prevent and treat OA. IL-1β converting enzyme (caspase-1) is responsible for cleaving and thereby activating IL-1β [11, 44] . CrmA, a natural inhibitor of caspase-1, can rapidly combine with caspase-1 and form a tight complex, thus preventing the generation of active IL-1β [11, 12] . Our previous study showed that the controlled release of CrmA from HA/CS microspheres markedly suppressed the expression level of IL-1β and maintained the phenotype of chondrocytes in vitro [25] . Consistent with the previous study, our data revealed that intra-articular injection of HA/CS-CrmA nanoparticles reduced cartilage damage and the loss of type II collagen in cartilage. Meanwhile, synovial inflammation and the expression of IL-1β, MMP-3, and MMP-13 in synovial tissue were dramatically suppressed by HA/CS-CrmA nanoparticles. These findings suggested that HA/CS-CrmA nanoparticles might attenuate cartilage destruction and protect against early OA by inhibiting synovial inflammation via the inhibition of IL-1β generation.
Conclusion
The present study demonstrated the feasibility of using a non-viral gene delivery system composed of HA-CS for the expression of CrmA gene. This system provided pDNA release over 3 weeks and helped to raise the amount of CrmA to a high level in a relatively short time. Moreover, the inhibition of IL-1β in synovial tissue by HA/CS-CrmA nanoparticles attenuated cartilage damage and synovial inflammation in a rat model of OA. These results indicated that HA/CS-CrmA nanoparticles could be manipulated to provide localized delivery in the joint space to prevent the progression of OA by inhibiting IL-1β generation in the synovium.
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